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Abstract.	
Primary	 glaucoma	 is	 a	 disease	 causing	 the	 greatest	 number	 of	 vision-related	
problems.	The	latest	clinical	research	methods	such	as	scanning	laser	polarimetry	and	optical	
coherence	 tomography	 measure	 structural	 changes	 at	 different	 functional	 levels	 of	 the	
retina	and	 the	optic	nerve.	 The	 studies	of	 the	optic	nerve	head,	 the	peripapillary	 retinal	
nerve	 fiber	 layer	 and	 the	macula	 area	 are	 considered	 as	 informative	 ones.	 According	 to	
literature	 data,	 structural	 changes	 in	 progressive	 glaucomatous	 optic	 neuropathy	 occur	
prior	 to	 apparent	 functional	 and	 clinical	 manifestations	 of	 the	 disease,	 however,	 this	
statement	 is	 true	until	 the	peripapillary	 retinal	nerve	 fiber	 layer	 thickness	 is	 less	 than	72	
mcm.	Retinal	ganglion	cells	are	known	to	reduce	in	number	with	age	(by	5,000	a	year).	In	
optical	coherence	tomography	of	glaucomatous	eyes	a	scan	of	the	macula	is	recommended	
to	be	performed	using	 the	 Fast	Macular	 Thickness	Map	protocol;	 it	 allows	detecting	 the	
additional	 information	 on	 the	 pathological	 process.	 Neurophysiological	 methods	 -	 visual	
evoked	potentials	and	electroretinography	–	allow	us	to	study	the	processes	 in	the	visual	
cortex	of	the	brain	and	at	different	morphofunctional	levels	of	the	retina	as	well	as	to	clarify	
the	 localization	and	nature	of	pathological	changes	 in	the	above-mentioned	structures	of	
primary	damage	at	various	stages	of	the	glaucomatous	process.	
The	objective	of	the	research	was	to	determine	diagnostically	significant	criteria	for	
the	progression	of	primary	open-angle	glaucoma	based	on	the	study	of	neurophysiological	
mechanisms	of	glaucoma	development.	
Materials	and	methods.	Complex	clinical	and	neurophysiological	study	of	eyes	of	
144	patients	 (274	eyes)	with	primary	open-angle	glaucoma	was	performed	at	 the	Filatov	
Institute	of	Eye	Diseases	and	Tissue	Therapy	of	National	Academy	of	Medical	Sciences	of	
Ukraine.	The	main	group	included	59	(51.75%)	females	and	55	(48.08%)	males	with	different	
stages	 of	 the	 glaucomatous	 process.	 The	 average	 age	 of	 patients	 was	 58.41±3.96	 years.	
Neurophysiological	methods	-	visual	evoked	potentials	(both	flash	and	checkerboard	type)	
and	 electroretinography	 using	 a	 RETI-scan	 multifocal	 ERG	 system	 (Roland	 Consult,	
Wiesbaden,	Germany)	-	were	used	to	diagnose	the	pathological	condition.	
Results.	There	were	established	criteria	for	the	progression	of	primary	open-angle	
glaucoma	 considering	 neurophysiological	 indicators:	 the	 reduction	 in	 the	 bioelectrical	
activity	of	retinal	ganglion	cells	according	to	the	amplitude	of	the	N75-P100	peaks	and	the	
elongation	of	the	P-100	latency	when	using	visual	evoked	potentials	elicited	by	checkerboard	
stimuli;	the	reduction	in	the	bioelectrical	activity	and	the	elongation	of	latency	according	to	
the	characteristics	of	the	a-	and	b-waves	in	photoreceptor	cells	and	second-order	neurons	of	
the	retina	when	using	electroretinography.	Pathological	changes	in	the	external,	internal	and	
deep	retinal	layers	were	found	to	occur	simultaneously	at	all	the	stages	of	the	glaucomatous	
process	since	the	initial	one.	They	are	progressive	and	significantly	expressed	in	the	cell	body	
of	the	third-order	neuron	of	ganglion	cells.	
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Problem	statement	and	analysis	of	the	recent	research		
Primary	glaucoma	is	a	disease	causing	the	greatest	number	of	vision-related	problems.	The	number	of	people	
with	glaucoma	worldwide	is	constantly	increasing	and	in	2010	it	reached	600	million	people.	Glaucoma	is	the	second	
leading	cause	of	blindness	and	impaired	vision	in	the	world	[1].	There	were	8.4	million	cases	of	blindness	caused	by	
glaucoma	in	2010.	The	number	of	such	cases	will	predictably	increase	to	11.2	million	by	2020	[2].	
Until	recently,	progressive	changes	in	the	optic	nerve	head	and	narrowing	of	the	visual	field	were	considered	
as	the	main	signs	of	glaucoma.	
Recently,	much	attention	has	been	paid	to	the	study	of	the	retina	in	patients	with	primary	open-angle	glaucoma.	
Accelerated	death	of	retinal	ganglion	cells	and	their	axons	which	comprise	the	optic	nerve	as	well	as	their	involvement	
in	 the	 pathological	 process	 of	 neuroglia	 which	 provides	 nutrition	 for	 the	 optic	 nerve	 are	 considered	 as	 the	 main	
components	of	the	glaucomatous	process	[3,	4].	The	latest	clinical	research	methods	such	as	scanning	laser	polarimetry	
and	optical	coherence	tomography	(OCT)	measure	structural	changes	at	different	functional	levels	of	the	retina	and	the	
optic	nerve	[5].	The	studies	of	the	optic	nerve	head,	the	peripapillary	retinal	nerve	fiber	layer	(RNFL)	and	the	macula	
area	are	considered	as	informative	ones.	According	to	literature	data,	structural	changes	in	progressive	glaucomatous	
optic	neuropathy	 (GON)	occur	prior	 to	apparent	 functional	 and	 clinical	manifestations	of	 the	disease,	however,	 this	
statement	is	true	until	the	peripapillary	RNFL	thickness	is	less	than	72	mcm	[6].	Theoretically,	the	RNFL	thickness	reflects	
the	functional	state	of	retinal	ganglion	cells	(RGC)	in	a	greater	degree	than	neuroretinal	rim	volume.	Retinal	ganglion	
cells	are	known	to	reduce	in	number	with	age	(by	5,000	a	year)	[7].	
In	optical	 coherence	 tomography	 (OCT)	of	 glaucomatous	eyes	a	 scan	of	 the	macula	 is	 recommended	 to	be	
performed	 using	 the	 Fast	 Macular	 Thickness	 Map	 protocol;	 it	 allows	 detecting	 the	 additional	 information	 on	 the	
pathological	process	[8-10].	
Neurophysiological	 methods	 -	 visual	 evoked	 potentials	 and	 electroretinography	 –	 allow	 us	 to	 study	 the	
processes	in	the	visual	cortex	of	the	brain	and	at	different	morphofunctional	levels	of	the	retina	as	well	as	to	clarify	the	
localization	and	nature	of	pathological	changes	in	the	above-mentioned	structures	of	primary	damage	at	various	stages	
of	the	glaucomatous	process	[11].	
The	objective	of	the	research	was	to	determine	diagnostically	significant	criteria	for	the	progression	of	primary	
open-angle	glaucoma	based	on	the	study	of	neurophysiological	mechanisms	of	glaucoma	development.	
	
Materials	and	methods	
Complex	 clinical	 and	 neurophysiological	 study	 of	 eyes	 of	 144	 patients	 (274	 eyes)	with	 primary	 open-angle	
glaucoma	(POAG)	was	performed	at	the	Filatov	Institute	of	Eye	Diseases	and	Tissue	Therapy	of	National	Academy	of	
Medical	Sciences	of	Ukraine.	The	main	group	included	59	(51.75%)	females	and	55	(48.08%)	males	with	different	stages	
of	the	glaucomatous	process.	The	average	age	of	patients	was	58.41±3.96	years.	The	control	group	included	30	patients	
with	mild-degree	and	moderate-degree	emmetropia	without	POAG	and	was	compared	with	the	main	group	by	gender,	
age,	and	other	somatic	diseases.	
All	patients	underwent	visometry,	tonometry,	tonography,		 refractometry,	biomicroscopy,	direct	and	indirect	
ophthalmoscopy,	computer	perimetry	with		the	Humphrey	Field	Analyzer	(HFA;	Carl-Zeiss	Meditec,	Dublin,	CA,	USA),	and	
OCT	with	the	use	of	SOCT	Copernicus	(Optopol,	Zawiercie,	Poland).	The	lability	and	the	threshold	for	electrically	induced	
phosphenes	were	also	determined	in	all	patients.	
Neurophysiological	 methods	 -	 visual	 evoked	 potentials	 (VEPs)	 (both	 flash	 and	 checkerboard	 type)	 and	
electroretinography	(ERG)	using	a	RETI-scan	multifocal	ERG	system	(Roland	Consult,	Wiesbaden,	Germany)	-	were	used	
to	 diagnose	 the	 pathological	 condition.	 To	 characterize	 the	 pathological	 process	 according	 to	 VEPs	 elicited	 by	
checkerboard	stimuli	there	were	considered	changes	in	the	latency	of	the	N75,	P100	and	N135	peaks,	changes	in	the	
amplitude	of	the	N75-P100,	P100-N75;	to	characterize	the	pathological	process	according	to	VEPs	elicited	by	a	 flash	
there	were	considered	changes	in	the	peak	latencies	of	N1,	P1	as	well	as	the	P1-N1	amplitude.		
The	global	or	full-field	(Ganzfeld)	electroretinogram	is	a	total	bioelectrical	potential	being	recorded	in	response	
to	illuminating	the	whole	retinal	area.	
In	the	global	electroretinogram	there	are	the	following	components:	a	negative	a-wave	and	a	positive	b-wave.	
The	 a-wave	 is	 a	 potential	which	 reflects	 the	 activity	 in	 the	 photoreceptor	 cell	 layers	 of	 the	 retina.	 The	 b-wave	 is	 a	
potential	which	reflects	the	activity	of	second-order	neurons	of	the	retina	(bipolars	possibly	containing	horizontal	and	
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amacrine	 cells)	 and	Müller	 glia.	 Each	wave	 is	 characterized	by	 two	parameters:	 the	wave’s	 amplitude	 (measured	 in	
microvolts)	and	latency	(measured	in	milliseconds).The	above-mentioned	parameters	are	important	for	evaluating	the	
dynamics	of	ERG	and	VEPs	as	well	as	for	evaluating	the	degree	of	progression	of	the	pathological	process.	
The	main	group	included	114	(214	eyes)	patients	divided	into	3	subgroups:	subgroup	I	included	48	(96	eyes)	
patients	with	mild	glaucoma;	subgroup	II	comprised	36	(65	eyes)	patients	with	advanced	glaucoma;	subgroup	III	included	
30	(53	eyes)	patients	with	severe	glaucoma.		
Patients	with	end-stage	POAG	and	high-degree	emmetropia	were	excluded	from	the	study.	
Optic	nerve	disorders,	macular	dystrophy,	hypertensive	retinopathy,	acute	and	chronic	disorders	of	cerebral	
circulation,	сlouding	of	the	optic	media,	diabetes	mellitus,	brain	injury	were	not	observed	among	patients	of	the	main	
and	control	groups.	
VEP	test	 results	were	compared	with	 the	results	obtained	 in	 the	control	group,	 literature	data	 [12]	and	the	
standards	of	the	equipment	and	the	laboratory	where	the	research	was	conducted	as	in	clinical	practice	there	are	no	
recognized	data	standards.	
The	obtained	data	were	processed	using	an	advanced	analytics	 software	package	Statistica	10,	 the	average	
values	of	standard	deviation,	reliability	of	the	differences	–	p>	0.05	(paired	test	with	bilateral	distribution)	using	the	
Mann-Whitney	U	test.	
	
Results	and	discussion	
114	 (214	eyes)	patients	of	 the	main	group	and	30	 (60	eyes)	patients	of	 the	control	one	underwent	clinical	
examinations	 as	 well	 as	 neurophysiological	 one	 (VEPs;	 both	 flash	 and	 checkerboard	 type).	 Each	 eye	 was	 tested	
separately.	
There	was	no	statistically	significant	difference	in	gender,	age	and	other	somatic	diseases	between	patients	of	
both	groups.	
Clinical	characteristics	of	patients	of	both	groups	which	are	criteria	for	the	diagnosis	and	clinical	course	of	the	
disease	are	presented	 in	Table	1.	 In	patients	with	advanced	glaucoma	and	 those	with	 severe	glaucoma	there	was	a	
statistically	 significant	difference	 in	 the	width	of	 the	optic	disk	excavation,	 intraocular	pressure	 (IOP)	and	perimetric	
parameters.	Statistically	significant	difference	in	perimetric	parameters	was	observed	only	between	patients	with	mild	
glaucoma	and	those	with	advanced	glaucoma	as	well	as	between	patients	with	mild	glaucoma	and	those	of	the	control	
group.	
Table	1	
Characteristics	of	functional	state	of	visual	analyzer	in	patients	with	different	stages	of	primary	open-angle	glaucoma	
Parameters	 Mild	glaucoma,	
n=96	
Advanced	glaucoma,	
n=65	
Severe	glaucoma,	
n=53	
Control	group,	
n=60	
Uncorrected	
visual	acuity	
0.55±0.35	 0.44±0.36	
	
0.37±0.39	
***	
0.65±0.23	
Corrected	
visual	acuity	
0.76±0.22	 0.60±0.12	
	
0.45±0.37	
***	
0.86	±	0.12	
IOP,		
mm	Hg	
20.72±2.58	 23.12±2.65	
***	
26.0±2.82	
***	
18.06±1.41	
Width	 of	 the	 optic	 disk	
excavation,		
min,	mm	
	
max,	mm	
	
	
0.45±0.05	
	
0.47±0.12	
***	
	
	
0.55±0.07	
***	
0.67±0.06**	
***	
	
	
0.71±0.06	
***	
0.85±0.04	
***	
	
	
0.43±0.03	
	
0.47±0.11	
Retinal	sensitivity,	MD,	dB	 -1.96±2.61*	
***	
-7.63±3.68**	
***	
-21.2±4.27	
***	
0.32±1.08	
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Visual	Field	Index,	%	 0.93±0.03*	
***	
0.81±0.09**	
***	
0.34±0.17	
***	
0.98±0.02	
Threshold	 for	 electrically	
induced	phosphenes,	Hz	
71.69±9.08	 67.68±6.26	 80.0±8.25	
***	
65.21±	5.98	
Notes:	
n	–	number	of	eyes;	
*р	–	statistically	significant	difference	between	patients	with	mild	glaucoma	and	those	with	advanced	glaucoma,	р>0.05;	
**р	-	statistically	significant	difference	between	patients	with	advanced	glaucoma	and	those	with	severe	glaucoma,	
р<0.05;	
***р	-	statistically	significant	difference	between	patients	of	the	main	group	and	those	of	the	control	one,	р<0.05.	
	 	
In	patients	with	mild	glaucoma	 increased	N75-P100	amplitude	of	VEP	response	to	60	arcsec	by	180%	was	observed	
compared	to	the	control	group,	p<0.05.	There	was	no	statistically	significant	difference	in	latency	values	of	the	N75,	
Р100,	N135	peaks	compared	to	the	control	group.	The	threshold	for	electrically	induced	phosphenes	was	within	normal	
limits	(71.69±9.08	Hz)	compared	to	the	control	group.	
	 In	patients	with	advanced	glaucoma	decreased	N75-P100	amplitude	of	VEP	response	to	60	arcsec	by	69.62%	
was	observed	compared	to	the	control	group,	p<0.05.	There	was	a	statistically	significant	increase	in	latency	values	of	
the	Р100	peaks	by	17.12%	compared	to	the	control	group,	p<0.05.	The	threshold	for	electrically	induced	phosphenes	
was	within	normal	limits	(67.68±6.26	Hz)	compared	to	the	control	group.	
	 In	patients	with	severe	glaucoma	decreased	N75-P100	amplitude	of	VEP	response	to	60	arcsec	by	55.85%	was	
observed	compared	to	the	control	group,	p<0.05.	There	was	statistically	significant	 increase	 in	 latency	values	of	the	
Р100	 peaks	 by	 26.88%	 compared	 to	 the	 control	 group,	 p<0.05.	 The	 threshold	 for	 electrically	 induced	 phosphenes	
reduced	by	22.68%,	p<0.05	up	to	80.0±8.25	Hz	compared	to	the	control	group.	
The	Mann-Whitney	U	test	revealed	that	there	was	a	statistically	significant	difference	in	latency	values	of	the	
P100	 peaks	 and	 amplitude	 of	 the	N75-P100	 peaks	 between	 patients	with	mild	 glaucoma	 and	 those	with	 advanced	
glaucoma	as	well	as	between	patients	of	these	groups	and	the	control	one.	
According	to	flash	VEPs	there	was	a	statistically	significant	difference	in	the	indicators	only	between	patients	
with	 severe	glaucoma	and	 those	of	 the	control	group:	 increased	 latency	values	of	 the	Р	1	peaks	 to	2	Hz	by	19.74%	
compared	to	the	control	group	were	observed,	p<0.05	(Table	2).	
	
Table	2	
Dynamics	of	changes	in	parameters	of	flash	visual	evoked	potentials	in	patients	with	different	stages	of	primary	open-
angle	glaucoma	
Parameters	 and	
components	of	VEPs	
Primary	glaucoma,	
n=96	
Advanced	glaucoma,	
n=65	
Severe	glaucoma,	
n=53	
Control	group,	
n=60	
LV			N1,	
msec	
47.18±7.63	 44.29±8.67	 43.66±	2.51	 45.38±5.69	
LV			P1,	
msec	
75.30±9.46	 76.42±9.41	 86.33±3.45	
***	
72.1±3.28	
A	N1-P1,	
mkV	
9.19±3.57	 7.98±3.18	 6.54	±	3.48	 8.21±3.42	
Notes:	
n	–	number	of	eyes;	
*р	–	statistically	significant	difference	between	patients	with	mild	glaucoma	and	those	with	advanced	glaucoma,	р>0.05;	
**р	-	statistically	significant	difference	between	patients	with	advanced	glaucoma	and	those	with	severe	glaucoma,	
р<0.05;	
***р	-	statistically	significant	difference	between	patients	of	the	main	group	and	those	of	the	control	one,	р<0.05.	
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According	to	the	obtained	results	there	was	no	statistically	significant	difference	in	the	threshold	for	electrically	
induced	phosphenes	between	patients	with	mild	glaucoma	and	those	with	severe	glaucoma	as	well	as	between	patients	
of	these	groups	and	the	control	one.	The	threshold	for	electrically	 induced	phosphenes	 increased	significantly	up	to	
80.01±8.25,	р<0.05	only	in	patients	with	severe	glaucoma	(by	22.07%)	compared	to	the	control	group,	р<0.05	(Table	1).	
Considering	 all	 the	 above-mentioned	 data	 including	 changes	 in	 the	 characteristics	 of	 VEPs	 elicited	 by	
checkerboard	stimuli,	normal	values	 for	 the	 threshold	 for	electrically	 induced	phosphenes	 in	patients	with	mild	and	
advanced	glaucoma	as	well	as	structural	characteristics	of	formation	of	VEP	responses	to	checkerboard	and	flash	stimuli	
[11]	 we	 can	 conclude	 that	 changes	 in	 VEP	 response	 to	 checkerboard	 pattern	 in	 patients	 with	 primary	 open-angle	
glaucoma	conform	to	the	pathological	processes	occurring	in	the	cell	body	of	the	third-order	neuron	of	ganglion	cells.	
With	the	progression	of	the	pathological	process	there	was	an	increase	in	abnormalities	in	studied	parameters	indicating	
the	pathogenic	nature	of	these	changes	(Fig.	1).	
According	to	the	results	of	ERG	in	patients	with	primary	glaucoma	there	was	the	elongation	of	latency	according	
to	the	characteristics	of	the	a-	and	b-waves	by	36.11%,	р<0.05	and	31.49%,	р<0.05,	respectively;	the	amplitude	of	the	
a-	and	b-waves	reduced	by	61.56%,	р<0.05	and	46.49%,	р<0.05,	respectively	compared	to	the	control	group	(Fig.1).	
In	patients	with	advanced	POAG	there	was	the	elongation	of	latency	according	to	the	characteristics	of	the	a-	
and	b-waves	by	40.02%,	р<0.05	and	31.26%,	р<0.05,	 respectively;	 the	amplitude	of	 the	a-	and	b-waves	 reduced	by	
62.88%,	р<0.05	and	66.00%,	р<0.05,	respectively	compared	to	the	control	group	(Fig.1).	
In	patients	with	severe	POAG	a	statistically	significant	elongation	of	latency	according	to	the	characteristics	of	
the	a-	and	b-waves	by	45.33%,	р<0.05	and	49.96%,	р<0.05,	respectively	was	observed;	the	amplitude	of	the	a-	and	b-
waves	reduced	by	74.85%,	р<0.05	and	78.01%,	р<0.05,	respectively	compared	to	the	control	group	(Fig.1).	
The	Mann-Whitney	U	test	revealed	that	there	was	a	statistically	significant	difference	in	the	characteristics	of	
the	a-	and	b-waves	amplitudes	between	patients	with	mild	glaucoma	and	those	with	advanced	glaucoma	–	2.98±0.0003;	
between	patients	of	advanced	glaucoma	and	those	with	severe	glaucoma	–	2.29±0.02.	
	Considering	the	fact	that	negative	a-wave	reflects	the	activity	in	the	photoreceptor	cell	layers	of	the	retina	and	
positive	b-wave	reflects	the	activity	of	second-order	neurons	of	the	retina	(bipolars	possibly	containing	horizontal	and	
amacrine	cells)	and	Müller	glia	we	can	state	that	in	patients	with	primary	open-angle	glaucoma	the	injury	grows	in	the	
external	and	internal	retinal	layers	being	more	pronounced	in	the	photoreceptor	cell	layers	of	the	retina	due	to	reduced	
bioelectrical	activity	of	neurons	(Fig.1).	
	
Fig.	1.	Dynamics	of	changes	 in	the	parameters	of	bioelectrical	activity	of	neurons	of	the	external,	 internal	and	deep	
retinal	layers	in	patients	with	different	stages	of	primary	open-angle	glaucoma	
	
	 Conclusions	
There	 were	 established	 criteria	 for	 the	 progression	 of	 primary	 open-angle	 glaucoma	 considering	
neurophysiological	 indicators:	 the	 reduction	 in	 the	 bioelectrical	 activity	 of	 retinal	 ganglion	 cells	 according	 to	 the	
amplitude	of	the	N75-P100	peaks	and	the	elongation	of	the	P-100	latency	when	using	visual	evoked	potentials	elicited	
by	 checkerboard	 stimuli;	 the	 reduction	 in	 the	 bioelectrical	 activity	 and	 the	 elongation	 of	 latency	 according	 to	 the	
characteristics	 of	 the	 a-	 and	 b-waves	 in	 photoreceptor	 cells	 and	 second-order	 neurons	 of	 the	 retina	 when	 using	
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electroretinography.	
Pathological	changes	in	the	external,	internal	and	deep	retinal	layers	were	found	to	occur	simultaneously	at	all	
the	stages	of	the	glaucomatous	process	since	the	initial	one.	They	are	progressive	and	significantly	expressed	in	the	cell	
body	of	the	third-order	neuron	of	ganglion	cells.	
	
Prospects	for	further	research				
We	plan	 to	 study	 the	 peculiarities	 of	 neurophysiological	 processes	 in	 retinal	 ganglion	 cells	 in	 patients	with	
primary	open-angle	glaucoma.	
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